This work presents the results of number density measurements of metastable Ar atoms and ground state H atoms in diluted mixtures of H 2 and O 2 with Ar, as well as ground state O atoms in diluted H 2 -O 2 -Ar, CH 4 -O 2 -Ar, C 3 H 8 -O 2 -Ar, and C 2 H 4 -O 2 -Ar mixtures excited by a repetitive nanosecond pulse discharge. The measurements have been made in a nanosecond pulse, double dielectric barrier discharge plasma sustained in a flow reactor between two plane electrodes encapsulated within dielectric material, at an initial temperature of 500 K and pressures ranging from 300 Torr to 700 Torr. Metastable Ar atom number density distribution in the afterglow is measured by tunable diode laser absorption spectroscopy, and used to characterize plasma uniformity. Temperature rise in the reacting flow is measured by Rayleigh scattering. H atom and O atom number densities are measured by two-photon absorption laser induced fluorescence. The results are compared with kinetic model predictions, showing good agreement, with the exception of extremely lean mixtures. O atoms and H atoms in the plasma are produced mainly during quenching of electronically excited Ar atoms generated by electron impact. In H 2 -Ar and O 2 -Ar mixtures, the atoms decay by three-body recombination. In H 2 -O 2 -Ar, CH 4 -O 2 -Ar, and C 3 H 8 -O 2 -Ar mixtures, O atoms decay in a reaction with OH, generated during H atom reaction with HO 2 , with the latter produced by three-body H atom recombination with O 2 . The net process of O atom decay is O + H → OH, such that the decay rate is controlled by the amount of H atoms produced in the discharge. In extra lean mixtures of propane and ethylene with O 2 -Ar the model underpredicts the O atom decay rate. At these conditions, when fuel is completely oxidized by the end of the discharge burst, the net process of O atom decay, O + O → O 2 , becomes nearly independent of H atom number density. Lack of agreement with the data at these conditions is likely due to diffusion of H atoms from the partially oxidized regions near the side walls of the reactor into the plasma. Although significant fractions of hydrogen and hydrocarbon fuels are oxidized by O atoms produced in the plasma, chain branching remains a minor effect at these relatively low temperature conditions.
Introduction
Over the last decade, there has been significant progress demonstrating the utility of non-equilibrium plasmas for augmentation of combustion phenomena, such as reduction of ignition delay time and ignition temperature, as well as an increase in flame stability and flammability limits [1] . High peak voltage, nanosecond pulse duration discharges are of particular interest for plasma assisted combustion applications since they can generate diffuse nonequilibrium plasmas at high pressures (up to ~1 bar) and high pulse repetition rates (up to ~100 kHz), and are characterized by high peak reduced electric fields, E/N, of several hundred Townsend (1 Td = 10 −17 V · cm 2 ). At these high E/N values, a significant fraction of discharge input energy goes into population of excited states of molecules (vibrational and electronic), as well as molecular dissociation and ionization by electron impact. Collisional quenching of the excited states (including reactive quenching) and reactions of radical species generated in the discharge considerably expand the variety of chemical reactions in low-temperature fuel-air mixtures, resulting in fuel oxidation, temperature rise, and eventually ignition [2] . From a fundamental kinetics perspective, however, the dominant energy transfer and chemical reaction processes in these plasmas remain not fully understood. In particular, direct quantitative measurements of efficiency of primary radical species generation (such as H and O atoms) in well-characterized ns pulse discharge plasmas are limited. In addition, net rates of primary radical consumption in lowtemperature fuel-oxidizer plasmas, which provide insight into the dominant radical reaction pathways, are rather uncertain. Without such understanding, predictive kinetic modeling and analysis of plasma assisted combustion phenomena remains challenging.
Measurements of absolute number densities of atomic species and radicals in low-temperature fuel-air and fuel-oxidizer mixtures have been done previously, including O atoms [3] [4] [5] [6] , OH radicals [7] [8] [9] [10] [11] [12] , H atoms [6, 11] (in plasmas sustained by ns pulse discharges), and HO 2 (in a flow reactor without plasma) [13] . However, most of these measurements have been done at the conditions when specific energy loading in the plasma and/or its spatial distribution had significant uncertainty, such that accurate quantitative analysis of the dominant kinetic processes involved was challenging.
The objective of the present work is to develop and test a flow reactor for studies of plasma assisted combustion processes, quantify plasma uniformity in the reactor operated at high pressures, obtain a set of experimental data of absolute, time-resolved number densities of key radical species generated in repetitive nanosecond pulse discharges in lean fuel/oxidizer mixtures (primarily H and O atoms), and compare the results with kinetic modeling predictions. These data are necessary to provide quantitative insight into rates and product distributions of reactions of fuel species with plasma electrons and excited molecules and atoms, as well as into plasma-generated radical species reactions at low temper atures (below ignition temperature) and high pressures (approaching 1 bar).
Experimental
The present experiments are conducted in two different plasma flow reactor cells, both designed to sustain a volumetric plasma in reacting fuel-oxidizer mixtures at pressures up to ~1 bar, shown schematically in figures 1 and 2. The design of the reactor cells is based on our previous work [8, 9] , with changes made to improve and quantify plasma uniformity at high pressures, and to reduce considerably the uncertainty in the energy coupled to the plasma.
Reactor Cell #1, made of quartz, is approximately 50 cm long, with 1 inch diameter quartz-to-stainless-steel adapters and stainless steel flanges at both ends. Stainless steel arms with UV fused silica windows at Brewster's angle are attached to the flanges at the ends of the reactor, to provide optical access. A premixed flow of reactants enters the central part of the reactor after passing through two preheating coils with the combined length of approximately 1 m, to maintain the reactant mixture temperature at the desired level. A photograph of the central part of the reactor, with the preheating coils, is also shown in figure 1. The central part of the reactor is a rectangular cross section flow channel 20 cm long, 1.5 cm width and 0.5 cm height, fused to two circular tubes 1 inch in diameter at both ends (see figure 1) . Two quartz reservoirs, 6 cm long, 1.5 cm wide, and approximately 0.5 cm height each, are fused to the top and the bottom walls of the channel, as shown in figure 1. The reservoirs are filled with a liquid metal alloy (Ga-In-Sn) through two quartz tubes 20 cm long and 1 mm in diameter (inside diameter approximately 0.5 mm), extending along the flow channel (see figure 1) . The two liquid metal pools, encapsulated within the reservoirs without air bubbles, are used as electrodes for the electric discharge sustained in the flow channel.
Reactor Cell #2, shown schematically in figure 2 , is similar to the one used in our previous work [9] . This cell consists of a quartz channel with 22 mm × 10 mm rectangular inner cross section, 20 cm long, fused at both ends to circular quartz tubes 25 mm in diameter and 20 cm long. Two plane windows, made of fused silica, are glued to the ends of the channel at Brewster's angle, providing optical access in the axial direction. Two 6 mm diameter quartz-to-stainless-steel adaptors connect the reactor to the gas delivery system. Two 14 mm × 60 mm rectangular plate copper electrodes, rounded at the edges, are placed on the top and bottom of the quartz channel, as shown in figure 2 , and held in place by ceramic clamps. The electrodes are encapsulated within pads made of a dielectric material (polydimethylsiloxane (PDMS)), placed between each electrode and the channel wall, to remove air gaps and prevent corona discharge outside the cell. Selfhardening PDMS pads remain stable and resilient at temperatures at least up to 250 °C [14] . The total distance between the electrodes is approximately 23 mm, with the discharge gap (distance between top and bottom quartz walls) of 10 mm. A quartz tube coil inlet 1 m long (see figure 2 ) is used to preheat the flow.
The use of encapsulated liquid metal electrodes (in Cell #1) or high-temperature resilient dielectric pads (Cell #2) prevents corona discharge formation on the electrode surfaces, which occurred in our previous work [8, 9] , producing significant EMI noise and introducing significant uncertainty in energy coupled to the plasma inside the channel. The electrodes of both reactor cells are connected to an FID GmbH FPG 60-100MC4 pulse generator (peak voltage up to 30 kV, pulse duration of 5 ns, repetition rate up to 100 kHz). In the present work, the pulser is operated in repetitive burst mode, producing bursts of 25-75 pulses at a pulse repetition rate of 10-20 kHz (burst duration of several ms), and burst repetition rate of 10 Hz. Powering the electrodes generates a double di electric barrier, repetitive nanosecond pulse electric discharge in the flow channel, with the plasma volume of approximately 5 cm 3 (Cell #1) or 10 cm 3 (Cell #2). Pulse voltage and current waveforms are measured by custom-made, high-bandwidth probes used in our previous work [15] , which are designed to reduce the effect of common mode noise on the measured pulse waveforms.
The entire reactor cell/electrode assembly is heated in a tube furnace (Thermcraft Ltd, with 152 mm diameter, 6″ long heated section, maximum temperature 1200 °C), to improve plasma stability. In both cases, a quartz tube coil inlet, shown in figures 1 and 2, preheats the fuel-oxidizer flow to the furnace temperature, which was verified by thermocouple measurements. Fuel and oxidizer flows are premixed before entering the cell. The reactant mixture enters the reactor channel 9 cm upstream of the electrodes, after passing through the preheating coils, and flows between the electrodes before exiting the channel 4 cm downstream of the electrodes. The fuels studied in the present work are hydrogen, methane, propane, and ethylene, diluted in argon or in an O 2 -Ar mixture at pressures of up to 300 Torr and initial temperatures of 500 K. The flow rates of the mixture components are metered by MKS mass flow controllers (<0.4% error at the flow rates used in the present experiments). The flow rate used in H atom two-photon absorption laser induced fluorescence (TALIF) experiments (in Cell #1) is 3.6 slm, with the estimated flow residence time in the plasma of approximately 7 ms at P = 300 Torr and T = 500 K. For O TALIF measurements (in Cell #2), the flow rate is varied from 2.0 to 3.4 slm, with the estimated flow residence time in the plasma of 31 to 18 ms. Thus, the flow residence time in the plasma is longer compared to the discharge burst duration (3.75-5.0 ms), but shorter compared to the interval between the discharge bursts (100 ms).
Spatial uniformity of the plasma generated by high voltage repetitive nanosecond pulses in Cell #1 reactor is monitored both qualitatively, from broadband plasma emission images taken by a PI-MAX intensified charged coupled device (ICCD) camera with a UV lens (UV-Nikkor 105 mm f/4.5, Nikon), and quantitatively, using tunable diode laser absorption spectroscopy (TDLAS) of metastable Ar atom number density distribution. For this, a c.w. diode laser beam (New Focus Model 6312, linewidth <300 kHz), producing tunable output from 765 nm to 781 nm, was directed axially through the reactor, as shown in figure 3 . The laser was mounted on a translation stage, such that the laser beam could be positioned at multiple locations over the reactor channel cross section. First, the laser was scanned over several excited Ar atom absorption transitions, to measure the absorption line profiles in argon plasma excited by the ns pulse discharge. Then, the laser was parked at the top of 1s 5 → 2p 7 transition in the 3p 5 4s state, and absorption was measured versus time delay after a discharge pulse, to determine time-resolved, line-of-sight averaged number density of Ar(3p 5 4s) atoms generated in the plasma for different laser beam locations. Finally, variation of the line-of-sight averaged excited Ar atom number density over the channel cross section was used to characterize the plasma non-uniformity in the reactor.
The schematic of TALIF laser diagnostics used to measure absolute number densities of H and O atoms produced in the discharge, shown in figures 4 and 5, is similar to the one used in our previous work [5, 11] . Briefly, for H TALIF the 532 nm output from a Nd:YAG laser (Continuum Model Powerlite 8010) is used to pump a tunable dye laser (Continuum ND6000), generating output at 615 nm, which is frequencydoubled in a type-I BBO crystal. The frequency doubled output at 308 nm is then recombined with the fundamental to be frequency-mixed again in another type-I BBO crystal to produce a frequency-tripled output at 205 nm (see figure 4) . A Pellin-Broca prism separates the three beams, and an identical prism is set symmetrically to compensate for alignment changes of the 205 nm H TALIF beam. The two beams are aligned to overlap as they pass through the flow reactor, and softly focused with an f = 500 mm lens approximately 3 cm before the reactor. The fluorescence is collected at 90°, through the side wall of the reactor channel, using either a PMT (Hamamatsu R3896) or the ICCD camera (PI-MAX, Princeton Instruments, 1024 × 255 pixels). A band pass filter is placed in front of the PMT slit and the camera lens, to isolate the fluorescence signal at ~656 nm from the plasma emission. The laser beam wavelength exciting the absorption transition at 205 nm is monitored by a wavemeter (High Finesse, Angstrom WS/6). The O TALIF beam is generated by mixing the Nd:YAG third harmonic output at 355 nm with the dye laser output at 619 nm, as shown schematically in figure 5 . The type-I BBO crystal used for the beam mixing is placed in an Inrad Autotracker III. The 226 nm output beam from the mixing crystal, the 355 nm beam, and the 619 nm beam are passed through an iris diaphragm to block back reflections, before passing through four turning prisms in an Inrad UV Harmonic Separator (see figure 5 ). Once the 226 nm beam is separated from the other beams, it is soft focused in the test section using the same UV lens and detectors as in H TALIF.
In all TALIF measurements, the laser energy was kept well below the saturation threshold, in the quadratic regime (<35 µJ/pulse), to minimize photoionization and photodissociation. Relative fluorescence signal from H and O TALIF is placed on an absolute scale by noble gas calibration, as discussed in section 3. Flow temperature in the reactor after the discharge burst was measured by Rayleigh scattering at 205 nm and 226 nm.
Data analysis and kinetic model
In TDLAS measurements, the number density of absorbing excited Ar atoms, n(l), is given as
where I 0 and I are the incident and the transmitted laser beam intensities on the line center (at frequency ν 0 ), φ(ν 0 ) is the normalized absorption line shape factor on the line center, such that
and L is the absorption path, assumed to be the same as the length of the plasma.
In equation (1)
where λ is the absorption wavelength, g(u) and g(l) are the upper and lower state degeneracies, and A(u,l) is the Einstein coefficient for spontaneous emission, taken from [16] . The line shape for Ar absorption transitions is calculated using a Voight profile, taking into account both Doppler broadening,
, and van der Walls
, with the values of constant K for different absorption trans itions taken from [16] . The accuracy of the calculated line shape was verified by scanning the laser across two Ar absorption transitions, 1s 5 → 2p 7 at ν 0 = 772.38 nm and 1s 3 → 2p 2 transition at ν 0 = 772.42 nm, and measuring the absorption line shapes in argon excited by a ns pulse discharge at T = 300 K and S 0 ) absorption transition at 204 nm and fluorescence collection at ~826 nm [17] . Kr and H atom number densities, n H and n Kr , are related as follows [17] 
Here S H and S Kr are time-integrated signals measured at the peak of the absorption transition, g(ν 0 ) H and g(ν 0 ) Kr are the absorption line shape factors, obtained from the normalized convolution integrals measured when the laser was scanned across H and Kr absorption lines, respectively,
and ν 0Kr are two-photon absorption transition frequencies; ϕ(Kr) and ϕ(H) are fluorescence yields; and σ (2) (Kr) and σ (2) (H) are two-photon absorption cross sections. For this expression to be accurate, the laser pulse energy must be kept sufficiently low, such that the fluorescence signal would depend quadratically on laser power. H and Kr fluorescence yields were calculated considering argon to be the only quenching species present in the cell, using fluorescence quenching cross sections measured previously using femtosecond TALIF [6] . H and Kr TALIF signals were collected by the PMT from a region along the fluorescence line approximately 6 mm long. The TALIF signal ratio was corrected for the PMT spectral response, measured using a calibrated blackbody source (InfraRed Industries Inc. Model 563) and a spectrometer, and for transmission of the band pass filter. The relationship between H and Kr number densities at this reference location, obtained from equation (2), was used to determine the absolute H atom number density. A similar approach was used for O TALIF, where two-photon excitation transition in Xe was used for calibration, with fluorescence quenching rates taken from [6, 17] .
The Rayleigh scattering signal used for temperature measurements is expressed as
where lΩβ is the signal collection efficiency proportional to the collection region length l, solid angle Ω, and detector efficiency β; c is the speed of light; h is the Planck constant; ν L is the laser frequency; N is the number density of the scattering species;
∂σ ∂Ω is the Rayleigh scattering cross section; and E is the laser pulse energy. Assuming that the pressure in the reactor, the Rayleigh scattering cross section, and the collection efficiency remain the same, the ratio between the Rayleigh scattering signals at the reference conditions (T ref = 500 K, P = 500 torr) and when the discharge is turned on yields the temperature in the test section
The constant pressure assumption is accurate since the temper ature rise measured after a burst of 25-50 discharge pulses, T −dT ref ~ 100 K, represents a cumulative effect of energy coupled to the plasma by multiple pulses, such that temperature rise after each discharge pulse is only a few degrees K. Also, in the present experiments with dilute fueloxidizer mixtures, the mixture composition remains nearly the same (~99% argon), and ignition, which would generate a significant pressure overshoot, does not occur. All Rayleigh scattering measurements are taken 3 µs after the last pulse in the discharge burst. The uncertainty of TALIF measurements, discussed in detail in [17] , is determined by the uncertainty of the fluorescence quenching cross sections, uncertainty in temperature measurements by Rayleigh scattering, and signal-to-noise ratio. The quenching cross section of H atoms by Ar have been measured by fs TALIF [6] and the quenching cross section of O atoms by Ar have been measured by ns TALIF [17] with 1% and 5% uncertainty, respectively. Combined with the temperature measurement uncertainty of 11% (see section 4) and signal-to-noise uncertainty of 15%, total uncertainty of the present H TALIF measurements is 32%. Following the same procedure, total uncertainty of O TALIF measurements is 36%.
The kinetic model used in the present work is discussed in detail in our previous work [18] . Briefly, the model incorporates electron impact processes, reactions of excited electronic states of Ar, O 2 , and O, and 'conventional' hydrogen-oxygen and hydrocarbon-oxygen chemical reactions [19] . Effects of diffusion, conduction heat transfer, and convection are incorporated as quasi-0D corrections. The model is exercised using a combination of Boltzmann equation solver for plasma electrons Bolsig + [20] predicting electron impact rate coefficients versus electron temperature, and ChemKin-Pro solving a set of species concentration equations, heavy species energy equation, and electron energy equation (a moment of the Boltzmann equation). The model also incorporates an interface pre-processor merging electron impact processes (with rate coefficients predicted by the Boltzmann solver), plasma chemical reactions, and conventional chemistry reactions, and preparing the input reaction kinetics data file in ChemKin format.
The model predictions have been validated previously using time-resolved measurements of temperature and N 2 vibrational level populations in ns pulse discharges in air in plane-to-plane and sphere-to-sphere geometry; temperature and OH number density after ns pulse burst discharges in lean H 2 -air, CH 4 -air, and C 2 H 4 -air mixtures; and temperature after the ns pulse discharge burst during plasma-assisted ignition of lean H 2 -mixtures, showing good agreement with the data [18] . Model input parameters include initial temperature, pres sure, initial mixture composition, flow residence time in the discharge, discharge volume, and experimentally measured power waveform coupled to the plasma. Using the experimental coupled power waveform as a source term in the right hand side of the electron energy equation makes additional assumptions, such as estimates of the reduced electric field in the plasma, unneccessary. This considerably reduces the uncertainty of the model predictions. Figure 6 shows voltage, current, and coupled energy waveforms measured in a repetitive ns pulse discharge in argon at initial temperature of T 0 = 500 K in Cell #1 (discharge gap 0.5 cm, P = 700 Torr, pulse repetition rate ν = 10 kHz, pulse #50 in the burst) and Cell #2 (discharge gap 1 cm, P = 300 Torr, ν = 20 kHz, pulse #75 in the burst). Pulse peak voltage at these conditions is 24 kV and 27 kV, respectively, and coupled pulse energy is 2.6 mJ/pulse and 4.2 mJ/pulse. In both cases, approximately half of the energy is coupled during the incident pulse, and the rest is coupled during multiple reflections of the pulse between the load and the pulse generator. Since no corona discharge was detected at these conditions outside of the reactor, the entire energy is coupled to the plasma inside the test section. The most likely difference between the discharge voltage waveforms measured in Cell #1 and Cell #2 is the length of the electrode leads connected to the coaxial transmission line of the high-voltage pulse generator. Specifically, longer electrode leads (quartz tubes filled with liquid metal alloy) used in Cell #1 (see figure 1 ) likely result in voltage pulse distortion and peak voltage reduction, accumulated over multiple pulse reflections off the electrodes and the pulse generator. This effect is less significant in Cell #2, where shorter metal electrode leads are connected directly to the transmission line, such that pulse distortion is not as pronounced (compare figures 6(a) and (b)). Also, longer liquid metal electrode leads may act as an antenna, generating high-frequency noise in the voltage pulse shape, apparent from figure 6(a) .
Results and discussion
A photograph of a repetitive nanosecond pulse discharge plasma in Cell #1, taken in argon at P = 300 Torr and initially at room temperature, after a burst of 50 pulses at ν = 10 kHz, Figure 6 . Discharge voltage, current, and coupled energy waveforms. (a) Cell #1, 1% H 2 -argon, P = 300 Torr, T 0 = 500 K, pulse repetition rate ν = 10 kHz, pulse #50 in the burst; (b) Cell #2, 1% O 2 -argon, P = 300 Torr, T 0 = 500 K, ν = 20 kHz, pulse #75 in the burst. is shown in figure 7 (a). The liquid metal reservoirs above and below the flow channel, used as discharge electrodes, are clearly visible. Note that side view optical access to the plasma near the top and bottom of the discharge, where the reservoirs are fused to the flow channel, is somewhat limited. It can be seen that the plasma is diffuse and fills the entire region between the electrodes. However, brighter regions of the discharge filaments can also be detected. As shown in our previous work [8, 9] , preheating the flow in the discharge section considerably improves plasma stability and precludes formation of the filaments. To illustrate this, figures 7(b) and (c) shows single-shot ICCD camera images of plasmas in argon preheated in the furnace to T 0 = 500 K in Cell #1 (P = 700 Torr, ν = 10 kHz, pulse #50) and Cell #2 (P = 300 Torr, ν = 20 kHz, pulse #75). Finally, figure 7(d) also shows a 100-shot average image of the plasma in a 150 ppm C 3 H 8 -O 2 -Ar mixture in Cell #2, at P = 300 Torr and ν = 20 kHz, illustrating that adding fuel somewhat reduces the width of the plasma halfway between the electrodes. These images are taken at camera gate of 1 µs, and show end view of the plasma, taken through one of the optical access windows. From these images, the plasma appears to be diffuse, with no sign of discharge filaments.
Plasma uniformity generated by the repetitive nanosecond pulse discharge in Cell #1 was quantified using excited metastable argon atom number density measurements by TDLAS, in pure argon as well as in 1% O 2 -Ar and 1% H 2 -Ar mixtures. These measurements have been done at discharge pulse repetition rate of 10 kHz, after a 50-pulse discharge burst. Figure 8 shows an experimental absorption spectrum obtained by scanning the laser in pure argon at P = 300 Torr and initial temperature of T 0 = 300 K excited by a repetitive ns pulse discharge, 2 µs after the last discharge pulse. Two partially overlapping absorption transitions, 1s 5 → 2p 7 at ν 0 = 772.38 nm and 1s 3 → 2p 2 at ν 0 = 772.42 nm, can be detected. Figure 8 also shows a synthetic absorption spectrum, calculated using the Voigt line shape profile, with van der Waals broadening factors, Einstein coefficients, and state degeneracies taken from [16] . It can be seen that the synthetic spectrum is in good agreement with the experimental data. Figure 9 plots distributions of line-of-sight-averaged Ar(1s 5 ) number density in a repetitive nanosecond pulse discharge in 1% O 2 -Ar mixture at P = 300 torr at T 0 = 500 K, 0.23 µs after the last pulse in a 50-pulse burst, plotted versus transverse distance across the reactor channel (x = 0, y = 0 correspond to the bottom left corner of the channel). These results were obtained by traversing the laser beam across the channel, at three different heights above the bottom wall, approximately 1.5 mm, 2.5 mm, and 3.5 mm, respectively. Figure 9 also shows an ICCD image of the plasma at these conditions (end view, taken through one of the optical access windows), indicating approximate locations of the TDLAS laser beam. It can be seen that the distribution of Ar(1s 5 ) number density over the cross section of the reaction channel is nearly uniform, with variation not exceeding 20%. Figure 10 shows time-resolved metastable argon atom number density (line-of-sight averaged Ar(1s 5 ) state population) inferred from TDLAS absorption signals taken for three sets of conditions, (i) pure argon at P = 700 torr and T 0 = 500 K, (ii) 1% H 2 -Ar mixture at P = 300 torr at T 0 = 500 K, and (iii) 1% O 2 -Ar mixture, also at P = 300 torr and T 0 = 500 K. In all cases, the laser was parked at the center of one of the absorption transitions, at ν 0 = 772.38 nm, and t = 0 corresponds to the moment when the last discharge pulse was generated. In most cases, the laser beam after the discharge pulse is absorbed almost completely, after which the absorbance on the line center is gradually reduced due to quenching of Ar(1s 5 ) atoms excited by electron impact in the discharge. In pure argon, the number density of Ar(1s 5 ) atoms at t = 1 µs is n Ar(1s5) = 1.4 · 10 , at t = 0.1 µs (I/I 0 | ν0 = 0.25). The characteristic (1/e) quenching time for Ar * (1s 5 ) for these three cases is τ Ar = 0.68 µs, τ H2 = 0.31 µs, and τ O2 = 0.085 µs, respectively. As expected, Ar(1s 5 ) atom number density in H 2 -Ar and O 2 -Ar mixtures decays more rapidly, due to collisional quenching by H 2 and O 2 , respectively. In pure argon, the decay is controlled by three-body quenching, with roomtemper ature rate coefficient of k Ar = 1. [16, 24] . This assumption is expected to be valid when the rates of energy transfer among these four states are much faster compared to the rates of their collisional quenching and radiative decay. From figure 10, it can be seen that this assumption appears to be fairly accurate in pure argon plasma, but it results in significant overestimation of Ar(1s 5 ) populations in H 2 -Ar plasma and O 2 -Ar plasmas, by up to factors of 3 and 5, respectively. However, [Ar(1s 5 )] decay rates in all three cases are reproduced by the model fairly well. Extrapolating the experimental data in pure argon to t = 0 and using statistical weight equilibrium assumption yields [Ar(1s 5 . Comparing this with specific energy loading in the plasma in Cell #1 (2.6 mJ/pulse in Ar at P = 700 Torr, T = 500 K, plasma volume of V ≈ 5 cm 3 ), 0.24 meV/atom, and energy cost of one Ar * atom, ≈11.6 eV, gives the estimated efficiency of Ar * generation in the discharge of ≈70%. It can be seen that each nanosecond pulse discharge generates Ar(1s 5 ) number density in the range ~10 14 cm −3 , and that excited metastable atoms do not accumulate in the repetitive discharge plasma, due to their rapid quenching.
From Rayleigh scattering measurements in argon at P = 700 Torr and T 0 = 500 K, the temperature increases to T = 590 ± 64 K after 50 discharge pulses at 10 kHz repetition rate. In 1% H 2 -Ar at P = 300 Torr and T 0 = 500 K, and at the same discharge conditions, the temperature at the end of the discharge burst increases to T = 590 ± 67 K. A more significant temperature rise is measured in 1% O 2 -Ar at P = 300 Torr and T 0 = 500 K, excited by 75 pulses at a 20 kHz repetition rate, T = 756 ± 151 K. The uncertainty of Rayleigh scattering data is limited by scattering from the walls of the flow reactor. These data are consistent with the temperature rise predicted by the kinetic model at these conditions, and the temperatures predicted by the kinetic model are used in the TALIF data reduction. Figure 11 plots TALIF laser scans (convolution int egrals) taken when the dye laser was scanned over the H atom two-photon absorption transition in Cell #1 (P = 300 Torr, T 0 = 500 K, 1% H 2 -Ar, 100 µs after the last discharge pulse) and the O atom two-photon absorption transition in Cell #2 (O TALIF, P = 300 Torr, T 0 = 500 K, 1% O 2 -Ar, 100 µs after last discharge pulse). These scans, along with respective scans taken in Kr and Xe, were used to calculate the absorption line shape factors in equation (2) . Figure 12 compares time-resolved absolute H atom number density measured in Cell #1, after the discharge burst in 1% H 2 -Ar and 0.15% O 2 -1% H 2 -Ar mixtures at P = 300 Torr, T 0 = 500 K, with kinetic modeling predictions. The H 2 -Ar mixture is excited by a burst of 50 discharge pulses at ν = 10 kHz while the H 2 -O 2 -Ar mixture is excited by a burst of 25 pulses at ν = 20 kHz. It can be seen that the model predictions are in good quantitative agreement in both cases, although H atom decay due to recombination is somewhat overpredicted. The dashed line in figure 12 corresponds to one half of the estimated flow residence time between the discharge electrodes, t ~ τ res /2-3.5 ms, and indicates the approximate time scale when the effect of convection on the H atom decay becomes significant. 5 ) number density measured in Cell #1: Argon at P = 700 Torr, T 0 = 500 K; 1% O 2 -Ar mixture at P = 300 Torr, T 0 = 500 K; and 1% H 2 -Ar mixture at P = 300 Torr, T 0 = 500 K. Discharge pulse repetition rate ν = 10 kHz, after the last pulse in a 50-pulse burst.
From comparison of the data with the modeling predictions in 1% H 2 -Ar mixture, it is evident that approximately 30% of the discharge input energy coupled to the plasma (2.6 mJ/pulse) goes to hydrogen dissociation, primarily due to electron impact excitation of argon, followed by dissociative quenching of excited Ar atoms by hydrogen molecules
The energy fraction going to hydrogen dissociation via Ar * quenching is significantly lower compared to the 80% going to Ar * electronic excitation, since its excitation energy, ≈11.6 eV/molecule, is higher than H 2 dissociation energy, ≈4.5 eV/molecule. In this strongly diluted mixture, the role of hydrogen dissociation by electron impact is minor, as expected. In H 2 -Ar, H atoms decay by three-body recombination with Ar as a third collision partner
When oxygen is added to the mixture, three-body recombination with O 2 molecules
as well as a reaction with HO 2
also become dominant channels of H atom decay. Figure 13 plots number densities of the dominant species (H, O, HO 2 , and H 2 O) during and after the discharge burst, at the conditions of figure 12 (in 0.15% O 2 -1% H 2 -Ar mixture). It can be seen that H and O atoms are the two dominant species generated during the discharge burst (see figure 13(a) ), and that most of them are converted to water vapor by chemical reactions during and after the burst (see figure 13(b) ). Comparing the predicted total number density of the primary radicals, H and O atoms, generated during the discharge burst, with the number density of the stable fuel oxidation product, H 2 O, after the discharge burst, the estimated reaction chain length is [H2O] [H]+[O] ≈ 1.1, which shows that at the present lowtemperature conditions the role of the chain branching reactions, such as
and
is fairly insignificant, and the amount of fuel oxidized is controlled by the amount of primary radicals produced by the discharge. Figure 14 plots experimental and predicted O atom number densities after the discharge burst in Cell #2 (O 2 -Ar, H 2 -O 2 -Ar, and CH 4 -O 2 -Ar mixtures at P = 300 Torr, T 0 = 500 K, excited by a burst of 75 pulses at ν = 20 kHz, at coupled pulse energy of 4.2 mJ/pulse). It is evident that at these conditions the model reproduces O atom number density at the end of the burst, in all mixtures, and reproduces O atom number density during the decay, in H 2 -O 2 -Ar and CH 4 -O 2 -Ar mixtures. Based on the modeling predictions, O atoms at these conditions are produced mainly by dissociative quenching of electronically excited Ar atoms by O 2 Figure 11 . TALIF laser scans: (a) H TALIF, Cell #1, P = 300 Torr, T 0 = 500 K, 1% H 2 -Ar mixture, 50 discharge pulses at ν = 10 kHz; (b) O TALIF, Cell #2, P = 300 Torr, T 0 = 500 K, 1% O 2 -Ar, 75 discharge pulses at ν = 20 kHz. Both scans are taken 100 µs after the last pulse in the discharge burst. Time resolved H atom number density in a 1% H 2 -Ar mixture excited by 50 discharge pulses at ν = 10 kHz and in a 1% H 2 -0.15% O 2 -Ar mixture excited by 25 discharge pulses at ν = 20 kHz. Coupled discharge pulse energy is 2.6 mJ/pulse. Dashed line indicates the approximate time scale when the effect of convection on H atom decay becomes significant.
Although 67% of the discharge pulse energy coupled to the plasma goes to Ar * excitation by electron impact, only 48% is going to oxygen dissociation (both by quenching of Ar * and by electron impact), since O 2 dissociation energy, ≈4.5 eV/ molecule, is lower than Ar * energy. At the end of the discharge burst, approximately half (48%) of O 2 initially available is dissociated via these channels.
In the O 2 -Ar mixture, the model overpredicts the O atom number density during the decay, when it is dominated by three-body recombination with Ar, O 2 , and O as a third collision partner
At these conditions, ozone chemistry has a negligible effect on O atom decay kinetics. The estimated time for transverse diffusion of O atoms to the channel wall is τ diff ≈ (h/π) 2 /D ≈ 37 ms, where h = 1 cm is the channel height and D = 2.75 cm 2 s −1
is the diffusion coefficient for O atoms in argon at the final temperature and pressure, calculated based on measurements in [25] . The estimated time for convection out of the fluorescence signal collection region is τ conv ≈ (L/2)/u ≈ 31 ms, where L ≈ 6 cm is the length of the plasma region and u ≈ 130 cm s −1 is the centerline flow velocity estimated from the mass flow rate of 2.0 slm, assuming a fully developed flow in the channel. Both of these are longer compared to the measured O atom 1/e decay time, ≈10 ms (see figure 13) . However, the time scale for combined diffusion and convection losses,
conv ≈ 10 ms, is comparable with the observed recombination decay time. From figure 14, it can be seen that incorporating the effects of diffusion and convection makes the agreement between the data and the modeling predictions in the O 2 -Ar mixture (shown as a dashed line) noticeably better.
When hydrogen is added to the O 2 -Ar mixture, 46% of the discharge input power goes to generating O atoms (via both Ar * quenching by O 2 and by electron impact), and an additional 1% of power goes to H atom generation (via Ar * quenching by H 2 ). The main channel of O atom decay at these conditions is O atom reaction with OH
Reactions with OH and HO 2 result in significant reduction of O atom number density generated by the end of the discharge burst, compared to O 2 -Ar mixture, as well as its more rapid decay after the burst (see figure 14) . As discussed above, dominant processes producing HO 2 and OH are reactions (R3) and (R4), respectively. Added to reaction (R9), they are equivalent to the net O atom decay process
Therefore, the net rate of O atom decay after the discharge burst is controlled almost entirely by the total number density of H atoms generated during the burst. Again, the contribution of a chain branching reaction (R6) is minor at this relatively low temperature conditions and accounts for only ~10% of the total O atom decay rate. Adding methane instead of hydrogen reduces O atom number density at the end of the discharge burst and accelerates its decay even more significantly, as illustrated in figure 14 . Based on kinetic modeling predictions of number densities of dominant species (O, H, OH, HO 2 , H 2 O and CH 4 ) during and after the burst, plotted in figure 15 , this occurs due to much higher OH number density compared to that in the H 2 -O 2 -Ar mixture, up to ~10 14 cm −3 (only about an order of magnitude lower compared to O atom number density). This accelerates considerably the O atom decay in reaction with OH, reaction (R9). At these conditions, most of OH is produced by reaction (R4), as well as by partial oxidation of methane
Again, the net rate of O atom decay is controlled by the number density of H atoms generated in the discharge, mainly via Ar * quenching by CH 4
Note that reaction (R11) also accounts for ~10% of the total O atom decay rate. At these conditions, a single discharge burst oxidizes approximately 50% of the initial amount of fuel available in the mixture (0.25% mole fraction), as shown in figure 15( ≈ 0.6, is low, indicating that chain branching reactions remain insignificant.
An additional series of O atom measurements demonstrates that essentially all molecular oxygen initially available in the mixture can be dissociated during the discharge. Figure 16 plots O atom number density measured in a 0.25% O 2 -Ar mixture excited by discharge bursts of 10-160 pulses, at pulse repetition rate of ν = 90 kHz and coupled pulse energy of 2.6 mJ/pulse. All data points in figure 16 are taken after a single discharge burst, i.e. without TALIF signal averaging over multiple bursts. It is apparent that the O atom number density levels off after approximately 120 pulses. Since the O atom decay rate at these conditions is extremely slow, on the order of several ms, this indicates that nearly all O 2 molecules in the mixture have been dissociated. It can be seen that the modeling calculations predict a somewhat faster O atom number density rise and its reduction after ≈120 pulses (due to the gradual heating of the mixture), underpredicting peak number density by approximately 20%. This is within the uncertainty of the present TALIF measurements, controlled mainly by the uncertainty in the O atom quenching rate. Complete dissociation of O 2 reached during the discharge burst suggests that the present approach can be used to study kinetics of O atom recombination into different excited states of O 2 molecules during the afterglow. Figure 17 compares experimental and predicted O atom number densities in lean C 3 H 8 -O 2 -Ar mixtures (initial fuel mole fraction of 150 ppm and 75 ppm), excited by a burst of 75 discharge pulses at ν = 20 kHz in Cell #2, at P = 300 Torr, T 0 = 500 K, and coupled pulse energy of 1.4 mJ/pulse. It can be seen that the model predictions in the 150 ppm propane mixture are in good agreement with the data, but in the 75 ppm propane mixture, O atom decay rate is significantly underpredicted, by about a factor of 3. In both cases, the main decay mechanism of O atoms after the burst is the same as in H 2 -O 2 -Ar and CH 4 -O 2 -Ar mixtures discussed above, O atom reaction with OH (reaction (R9)), which accounts for approximately half of the net O atom decay rate. However, OH production mechanisms in these two mixtures are different. In the 150 ppm propane mixture, OH is produced mainly by the reaction of H atoms with HO 2 (R4), while in the leaner 75 ppm propane mixture, it is mostly generated in the reaction of O atoms with HO 2
especially near the end of the discharge burst when propane is nearly completely oxidized. This is illustrated in figure 18 , showing that H atom number density during the burst reaches a plateau as the fuel is depleted, unlike in the 0.25% CH 4 -O 2 -Ar mixture, where H atoms number density keeps increasing during the entire burst (see figure 15 ). The leveling off of H atom number density occurs in spite of dissociative quenching of Ar * by intermediate propane dissociation and oxidation products as well as by water vapor, which contributes to H atom generation. As a result, OH number density in the afterglow is much lower than in the CH 4 -O 2 -Ar mixture, by over an order of magnitude (compare figures 15 and 18) . At these conditions, the equivalent net O atom decay process is
which is slower and not affected by the amount of hydrogen atoms generated in the discharge. The fact that the model underpredicts O atom decay rate that in the 75 ppm propane mixture suggests that the amount of hydrogen-containing species in the plasma may be higher, either due to ambient air (water vapor) leak into the reactor or due to the effect of species transport from unreacted flow regions. Since the reactor leak rate is over four orders of magnitude lower compared to the reactant mixture flow rate, the upper bound estimate of water vapor impurity in the mixture is ~1 ppm, much lower than the amount that would affect the results (estimated to be ~200 ppm). On the other hand, both plasma images taken at these conditions (e.g. see figure 7 (d)) and additional kinetic modeling analysis suggest that transverse diffusion of H atoms from the peripheral, partially oxidized flow regions near the side walls may be the reason for this discrepancy. Basically, this provides an additional source of H atoms in the reacting mixture, thereby accelerating the rate of O atom decay in the afterglow. Figure 19 , which compares the measured and predicted O atom number density in 75 ppm and 150 ppm C 2 H 4 -O 2 -Ar mixtures excited by a ns pulse discharge (ν = 20 kHz, 75 pulses in a burst), confirms the trend observed in the 75 ppm C 3 H 8 -O 2 -Ar mixture. The model underpredicts the O atom decay rate in both ethylene mixtures. In both cases, the fuel is completely oxidized and the H atom number density reaches a plateau early in in the discharge burst (after only ~20 discharge pulses in the 150 ppm mixture, see figure 20 ), such that O atom decay in the afterglow is dominated by the reactions (R3), (R9), and (R13), which sum up to the equivalent net process of reaction (R14). Therefore, the predicted O atom decay rate at these conditions weakly depends on the initial amount of fuel and approaches the rate predicted in the O 2 -Ar mixture, again suggesting that additional hydrogen-containing species (such as H atoms diffusing from partially oxidized flow regions) may be present in the plasma.
At the conditions when the model underpredicts the rate of O atom decay in the afterglow (75 ppm C 3 H 8 mixture as well as 75 ppm and 150 ppm C 2 H 4 mixture), it also typically overpredicts the O atom number density at the end of the burst. This is illustrated further in figures 21 and 22, which compare O atom number density measured in propane mixtures (90 µs after the discharge burst) and ethylene mixtures (70 µs after the burst) with the modeling calculations at different initial mole fractions of propane and ethylene. Although the modeling predictions reproduce the trend of O atom number density reduction fairly well, as the fuel mole fraction is increased, the absolute number density at the conditions when nearly all fuel is oxidized by the end of the burst is consistently overpredicted. Figures 21 and 22 demonstrate that species measurements at the end of the discharge burst are not sufficient Experimental and predicted O atom number density versus initial mole fraction of propane in the mixture excited by a ns pulse discharge. P = 300 Torr, T 0 = 500 K, ν = 20 kHz, 75 pulses in a burst, discharge coupled energy 1.2 mJ/pulse. Data and modeling predictions are compared 90 µs after the discharge burst. to identify deficiencies in the modeling predictions, and that time-resolved measurements, such as shown in figures 17 and 19, are considerably more revealing.
Summary
Summarizing, this paper presents the results of absolute, timeresolved number density measurements of excited metastable Ar atoms, as well as H and O atoms, in mixtures of H 2 , O 2 , CH 4 , C 3 H 8 , and C 2 H 4 with argon, excited by a repetitive nanosecond pulse discharge. These measurements have been made in a diffuse, double dielectric barrier discharge plasma sustained in two different plasma flow reactor geometries, at the initial temperature of 500 K and pressures ranging from 300 Torr and 700 Torr. Metastable Ar atom number density distributions in the discharge afterglow, measured by TDLAS, are used to quantify the plasma uniformity, showing that Ar * (1s 5 ) number density variation in the plasma across the channel cross section is of the order of 20%. Temperature in the discharge-excited reacting flow is measured by Rayleigh scattering. O atom and H atom number densities are measured by TALIF, with absolute calibration in Xe and Kr, respectively. The results are compared with predictions of a kinetic model, to analyze radical reaction kinetics at these conditions. The model is using experimental waveform of power coupled to the plasma by the discharge and does not contain any adjustable parameters.
H and O atom number density measurements after the discharge burst demonstrate that at the present conditions, significant fractions of hydrogen and oxygen initially available in the mixture are dissociated in the plasma, up to 36% in a 1% H 2 -Ar mixture, 48% in a 1% O 2 -Ar mixture, and nearly 100% in a 0.25% O 2 -Ar mixture. Analysis of the modeling predictions indicate that a considerable fraction of discharge input energy (up to 30-50%) goes to generation of H and O atoms, primarily by dissociative quenching or electronically excited Ar atoms by fuel species (H 2 , CH 4 , C 3 H 8 , and C 2 H 4 ) and O 2 , in good agreement with the data.
In H 2 -Ar and O 2 -Ar mixtures, the atoms decay after the discharge burst by three-body recombination. In H 2 -O 2 -Ar, CH 4 -O 2 -Ar mixtures, as well as in a 150 ppm C 3 H 8 -O 2 -Ar mixture, O atoms after the discharge decay primarily in a reaction with OH, generated during H atom reaction with HO 2 , with the latter produced by three-body H atom recombination with O 2 . Therefore, the equivalent net process of O atom decay is O + H → OH, such that rate of O atom decay in the afterglow is controlled by the amount of H atoms generated in the discharge.
In extra lean mixtures (75 ppm of propane and 75-150 ppm ethylene) with oxygen-argon, the model considerably underpredicts the rate of O atom decay after the discharge burst, by up to a factor of 3-5. In these cases, all fuel initially available in the mixture is completely oxidized by the end of the discharge burst. The modeling predictions indicate that at these conditions, when the number density of hydrogen atoms is low, OH, which remains the dominant O atom scavenger, is generated primarily in O atom reaction with HO 2 . The equivalent net process of O atom decay becomes O + O → O 2 , such that rate of O atom decay in the afterglow approaches that in the O 2 -Ar mixture and is only weakly dependent on H atom number density. Lack of agreement between the modeling predictions and the data at these extremely fuel-lean conditions may be due to transverse diffusion of H atoms from the peripheral, partially oxidized flow regions near the side walls of the reactor, visible in the plasma images taken at these conditions. This effect provides an additional source of H atoms in the reacting mixture and accelerates the rate of O atom decay in the afterglow. The present results show kinetic modeling predictions to be in good agreement with the data, with the exception of these extremely fuel-lean mixtures.
O atoms produced in the plasma oxidize significant fractions of hydrogen and hydrocarbon fuel species in the mixture. The ratio of the total number density of oxidation products predicted by the model to the total number density of the radicals generated in the plasma remains of the order of one, indicating that at temperatures significantly below ignition temperature, chain branching reactions have a minor effect on fuel oxidation. Detailed study of plasma-assisted fuel oxidation at the conditions of significant chain branching would require increasing the initial temperature of the mixture by 100-200 K, which will be the focus of future work.
At the present conditions, H atoms and O atoms are the two primary radicals produced in the plasma, predominantly during dissociative quenching of electronically excited Ar atoms (generated by electron impact) by O 2 , H 2 , and hydrocarbon species. These radicals are also critical for initiating chain branching reactions necessary for ignition. Therefore measurements of their absolute number densities is essential for understanding and prediction of plasma-assisted fuel oxidation and ignition. In particular, the present measurements provide quantitative data on the efficiency of radical species generation in the plasma (i.e. discharge energy fraction going to oxygen and fuel species dissociation). Measurements of secondary radicals, such as OH and HO 2 , would provide additional data on the reaction chain length as well as competition of chain branching and chain termination processes.
